We have previously suggested that the spin trap agent, α-phenyl-N-tert-butylnitrone 
Introduction
The rat pheochromocytoma cell line PC12 has been used widely as a model for neuronal differentiation [1] . Neurotrophic factors such as nerve growth factor (NGF) and fibroblast growth factor (FGF) have been well established to differentiate PC12 cells into a sympathetic neuronal-like phenotype characterized by neurite outgrowth [1] [2] [3] . Numerous experiments to determine the mechanism involved in NGF-induced differentiation have been performed [4, 5] . NGF binds to and activates its high-affinity receptor, TrkA [6] . This activation sequentially induces phosphorylation of Shc, phospholipase C γ (PLC γ ) and phosphatidylinositol 3-kinase (PI3K) [7] . The phosphorylation of Shc activates Ras and subsequent activation of the Raf/ERK signaling pathway leads to neuronal differentiation of PC12 cells [8, 9] .
Recently, some proteins and peptides such as scoparone of a phytoalexin [10] , cyrneine A of a novel cyathane diterpene [11] , KNK437 of a heat shock protein inhibitor [12] , a synthetic peptide ligand of neural cell adhesion molecule (ASKKPKRNIKA) [13] and octanoic acid [14] also have been reported to induce neurite outgrowth in PC12 cells. In our previous study, it was clarified that the nitron compound α-phenyl-N-tert-butylnitrone (PBN), which is widely used as a spin trap, induced neurite outgrowth in PC12 cells [15] .
We also showed that PBN induced neurite outgrowth in PC12 cells through activation of the Ras/ERK pathway. Interestingly, PBN did not induce the activation of TrkA and subsequent activations of Shc, PI3K and PLC γ unlike NGF.
N-acetyl-L-cysteine (NAC) counteracted PBN-induced neurite outgrowth and the phosphorylation of ERK was prominently inhibited by NAC, dithiothreitol (DTT) and 2-mercaptoethanol [15] . Another report demonstrated that PBN up-regulated the content 4 of intracellular thiol and induced cell differentiation in a murine hematopoietic progenitor [16] . Based on these studies, it is suggested that PBN activates Ras directly or indirectly via a mechanism with a relationship to thiol residues. Lander et al.
demonstrated that NO stimulated a Ras-related pathway through the S-nitrosylation of Cys-118 in Ras, using a cell-free system [17] . Furthermore, our preliminary experiment showed that the replacement to serine at Cys-118 (C118S) in Ras inhibited neurite outgrowth induced by PBN in PC12 cells. These results suggested the possibility that PBN also activates Ras through the cysteine residue in Ras, resulting in neurite induction of PC12 cells.
As an another mechanism of neurite induction of PC12 cells, Yamazaki et al. demonstrated that NO donors such as NOR4 induced PC12 cell neuritogenesis through activation of the cGMP-PKG pathway, indicating the ability of NO itself to induce neurite outgrowth [18] . Several studies demonstrated that PBN was decomposed at the C=N double bond and subsequently released NO via the cleavage of the C-N bond under oxidative conditions caused by UV irradiation and the Fenton reaction and under hyperthermic condition [19, 20] . These studies proposed the hypothesis that NO was released through the oxidative decomposition of PBN in PC12 cells.
On the other hand, PBN has been reported to be useful for preventing oxidative injury and age-related protein oxidation in the brain due to its ability to trap radicals [21, 22] . Combined with the neuritogenesis and the neuroprotective properties of PBN, it is thought to be important to compare the abilities of PBN and other spin trap compounds to induce neurite outgrowth and clarify the chemical nature required for this outgrowth. 
Materials and methods

Materials
PBN,
POBN, S-PBN, 5,5-dimethyl-1-pyrroline N-oxide (DMPO) and N-(tert-butyl)hydroxylamine were purchased from Sigma-Aldrich Japan (Tokyo, Japan).
Benzaldehyde-[ring- Reagent Plus (Perkin Elmer, Boston, MA). The bands were quantified using Image J software (National Institutes of Health, Bethesda, MD, USA).
Transient dominant negative Ras expression assay
DNRas(C118S) was developed using the site-directed mutagenesis method with 
Fractionation of PC12 cells treated with [ 14 C]PBN
After incubation with medium containing 10 mM [ Immunoprecipitates were washed three times with lysis buffer, separated by SDS-PAGE, transferred onto nitrocellulose membranes, and subjected to immunoblotting analysis using the anti-phospho-Ras antibody.
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Statistical analysis
All results are expressed as the mean ± S.E. The variance ratio was estimated by the F-test and differences in means of groups were determined by Student's t-test or Welch's t-test. The minimum level of significance was set at P<0.05.
Results
The hydrophobic property of PBN was related to the induction of neurite outgrowth in PC12 cells
For the first experiment, we examined whether hydrophobicity was involved in PBN-induced neurite-outgrowth in PC12 cells. In addition to PBN, we prepared POBN, S-PBN and DMPO, the structures of which are shown in Figure 1A . PC12 cells were and the percentages were 27.0 ± 1.3% for PBN-treated cells and 38.8 ± 3.5% for NGF-treated cells (Figure 2A ). In addition, the phosphorylation of ERK was observed at 5 min after PBN treatment as with NGF ( Figure 2B ). These results paralleled those of our previous study [15] .
To clarify whether PBN affected the activatation of Ras, we also examined the C radioactivity levels in them were measured ( Figure 4B ). The radioactivity in lipid fraction was higher (24.7 ± 13.9 cpm) than in the other fractions Figure 4D ). These results suggested that PBN was localized in the lipid fraction and was not associated with Ras protein directly.
Inhibition of neurite outgrowth in PC12 cells by NO scavenger
Recently, it has been reported that NO itself has the ability to induce neurite outgrowth through the NO-cGMP-PKG signaling pathway, as demonstrated by an experiment using an NO donor [18] . On the basis of this report, we examined whether carboxy-PTIO, known as an NO scavenger [25] , could affect the abilities of PBN and NGF to induce neurite outgrowth. As shown in Figure 5A , pretreatment with 50 µM carboxy-PTIO obviously inhibited PBN-induced neurite outgrowth. When various concentrations of carboxy-PTIO were used for pretreatment 30 min before PBN treatment, PBN-induced neurite-outgrowth was attenuated by PBN dose-dependently ( Figure 5B ). However, carboxy-PTIO could not inhibit NGF-induced neurite outgrowth.
These results suggested that the mechanism of neurite outgrowth induced by PBN was related to NO, unlike that induced by NGF.
Neurite outgrowth induced by NO donor in PC12 cells
Next, we examined whether neurite outgrowth could be induced by NO itself. For NO treatment, we used NOR4, which is well established to be an NO donor [26, 27] . Figure   6 shows the percentages of neurite outgrowth from PC12 cells treated with 0-100 µM
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NOR4 for 72 h. NOR4 induced neurite outgrowth dose dependently without any toxicity, and the percentage in cells treated with 100 µM NOR4 was 46.8 ± 8.5%.
NO-induced neurite outgrowth is dependent on Ras-ERK pathway
To clarify whether NO-induced neurite outgrowth was involved in the Ras-ERK pathway, like that induced by PBN, we evaluated the rate of neurite outgrowth induced by NOR4 in PC12 cells transiently transfected with DNRas(S17N) or Ras(WT). As shown in Figure 7A , the induction of neurite outgrowth in cells transfected with DNRas(S17N) was decreased to 5.3 ± 1.3% compared to cells with the control vector Figure   7C ). These results paralleled those in the case of PBN ( Figures 2B and 2C ), suggesting that activation of the Ras-ERK pathway was responsible for the induction of neurite outgrowth by NO as well as PBN.
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Discussion
The signaling pathways involved in neuronal differentiation have been extensively studied in PC12 cells. As the first reaction, NGF stimulates TrkA receptor tyrosine kinase in PC12 cells [28] . The activation of TrkA induces the phosphorylation of PLC, PI3-kinase, and Shc [7, 29] . This leads the recruitment to the membrane of a complex of adaptor proteins Grb-2 and SOS, thereby stimulating transient activation of Ras [4, 30] .
The activation of Ras causes activation of the Ras-ERK cascade, resulting in neurite outgrowth [31, 32] . Our previous study demonstrated that PBN induced neurite outgrowth through activation of the Ras-ERK pathway and PKC [15] . Interestingly, this induction was not associated with the activation of TrkA and subsequent activation of Shc, PI3-kinase, and PLC, unlike that by NGF. However, the detailed mechanism for PBN-induced activation of Ras has been unclear.
In the present study, neurite outgrowth of PC12 cells induced by PBN was significantly inhibited by pretreatment with the MAPK/ERK inhibitor PD98059 ( Figure   2A ). Immunoblot analysis demonstrated that the expression of phosphorylated ERK increased and reached a peak at 5 min after PBN treatment ( Figure 2B ). Furthermore, pull-down assay using Raf-1 RBD agarose showed that PBN up-regulated the expression of Ras-GTP in Ras(WT)-transfected PC12 cells, but this up-regulation was attenuated in dominant-negative Ras-mutated Cys-118 to serine ( Figure 2C ). The transfection of Ras(WT) enhanced PBN-induced neurite outgrowth (Figure 3 ). In contrast, the transfection of DNRas(S17N) with low affinity to GTP [33] inhibited PBN-induced neurite outgrowth. These results suggested that PBN-induced neurite outgrowth was mediated by activation of the Ras-ERK pathway and the mutation of Cys-118 inhibited the GDP-GTP reaction induced by PBN. Since PBN activates the Ras-ERK pathway without the activation of TrkA, and subsequently PI3K and PLCγ [15] , this suggested that PBN activated Ras, especially at the Cys-118 residue in Ras, directly or indirectly.
To elucidate the mechanism for PBN-induced activation of the Ras-ERK pathway, we synthesized [ We also demonstrated that more hydrophilic PBN analogs, POBN and S-PBN had weak abilities to induce neuritogenesis compared to that of PBN ( Figures 1B and 1C) .
Therefore, the hydrophobicity may be related to neurite outgrowth due to localization in the plasma membrane. Moreover, immunoprecipitation assay for Ras from William et al. [35] reported that trapping efficiency of PBN against · OH radicals is lower than that of POBN or S-PBN in cell free system. Therefore, these reports indicated that the neuritogenesis induced by nitrone spin trapping agents was associated with their hydrophobicity but not their hydroxyl radical scavenging ablity.
Here, the question how PBN stimulates Ras indirectly remains. As one possibility, several studies reported that NO was generated from PBN under certain oxidative conditions [19, 20] . NO was also reported to bind to and S-nitrosylate Cys-118 residue in Ras, activating the ERK cascade [17] . In the present study, pretreatment with the NO scavenger carboxy-PTIO inhibited PBN-induced neurite outgrowth in a dose-dependent manner, but not NGF-induced neurite-outgrowth ( Figure   5 ). These facts suggested that NO was produced from PBN under unknown intracellular oxidative circumstances in PC12 cells exposed to PBN and involved in activation of
Ras to lead to neuritogenesis in PC12 cells exposed to PBN. Whereas NGF induced neuritogenesis-related Ras/ERK cascade through a well-known signal transduction molecules such as TrkA, Shc, Grb-2, PLC γ and PI3K but not NO [4, 7, [28] [29] [30] [31] [32] .
Furthermore, our results showed the ability of the NO donor NOR4 to induce neuritogenesis ( Figure 6 ), supporting a previous report [18] . In addition, DNRas(S17N) transfection inhibited NOR4-induced neurite outgrowth ( Figure 7A ). NOR4 also induced the activation of both ERK and Ras in PC12 cells ( Figures 7B and 7C ). These results paralleled that of PBN-induced neuritogenesis, suggesting the possibility that NO released from PBN was involved in neurite outgrowth. In this study, the treatment of carboxy-PTIO, an NO scavenger, reduced PBN-induced neurite outgrowth from 75% to 30% of PC12 cells, indicating that NO-related neurite outgrowth in PC12 cells exposed to 10 mM PBN was at least 45% of total cells as fraction inhibited by carboxy-PTIO ( Figure 5B ). On the other hand, the treatment of 100 M NOR4 induced neurite outgrowth to about 47% of total PC12 cells ( Figure 6 ) and the decomposition of NOR4 was known to produce same amount of NO [36] . Since fraction of NO-related neurite outgrowth in PBN-treated PC12 cells was equivalent to that of NOR4-induced neurite outgrowth, it was assumed that the amount of NO accumulated in PC12 cells exposed 10 mM PBN reached to at least 100 μM. However, this NO release from PBN in PC12 cells may be very slow in intracellular oxidative condition, because the other
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NOR analogs such as NOR2 and NOR3, which release NO rapidly compared to NOR4, have been reported to have severe toxic effects on cells [26] .
In conclusion, PBN localized in the plasma membrane stimulates the Ras-ERK pathway through NO release and S-nitrosylation of Cys-118 in Ras protein, resulting in neurite outgrowth in PC12 cells. The activation of Ras induced by PBN was inhibited by the transfection of DNRas.
PC12 cells were transiently transfected with Ras(WT) or DNRas(C118S), followed by exposure to PBN. The expression of Ras-GTP was detected by pull-down assay. The 
